A magneto-hydrodynamic (MHD) stirrer that exhibits chaotic advection is designed, modeled, and tested. The stirrer can operate as a stand-alone component or it can be incorporated into a MHD-controlled network. The stirrer consists of a conduit equipped with individually controlled electrodes positioned along its opposing walls. The conduit is filled with an electrolyte solution and positioned in a uniform magnetic field. When a potential difference is applied across pairs or groups of electrodes, the resulting current interacts with the magnetic field to induce Lorentz forces and fluid motion. When the potential difference is applied across opposing electrodes that face each other, the fluid is propelled along the conduit's length. When the potential difference is applied across diagonally positioned electrodes, a circulatory motion results. When the potential difference alternates periodically across two or more such configurations, chaotic motion evolves and efficient mixing is obtained. This device can serve as both a stirrer and a pump. The advantage of this device over previous designs of MHD stirrers is that it does not require electrodes positioned away from the conduit's walls. Since this device has no moving parts, the concept is especially suitable for microfluidic applications. 
1.

INTRODUCTION
In recent years, there has been a growing interest in microfluidic systems (laboratories on chips) for bio-detection, biotechnology, chemical reactors, and medical, pharmaceutical, and environmental monitors. In many of these applications, it is necessary to propel fluids and particles from one part of the device to another, control the fluid motion, stir, and separate fluids.
In microdevices, these tasks are far from trivial. Magneto-hydrodynamics (MHD) offers a convenient means of performing some of these functions.
The application of electromagnetic forces to pump, confine, and control fluids is by no means new. MHD is, however, mostly thought of in the context of highly conducting fluids such as liquid metals and ionized gases [1] [2] . Recently, a number of researchers have constructed MHD micro-pumps on silicon and ceramic substrates and demonstrated that these pumps are able to move liquids around in small conduits [3] [4] [5] [6] . Bau et al. [7] [8] [9] demonstrated the feasibility of using magneto-hydrodynamic (MHD) forces to control fluid flow in microfluidic networks.
By judicious application of different potential differences to different electrode pairs, one can direct the liquid to flow along any desired path without a need for valves and pumps. Moreover, by circulating the fluid in a closed loop equipped with heaters that maintain different, fixed temperatures, one can produce the conditions necessary for continuous polymerase chain reaction (PCR) [5, 10] .
In many applications, it is necessary to facilitate interactions among various reagents.
Often diffusion alone is far too slow to achieve this task. Since the Reynolds numbers of flows in microdevices are usually very small, one is deprived of the benefits of turbulence for mixing enhancement. Gleeson and West [11] constructed and tested a torioidal MHD stirrer in which the direction of the flow reversed periodically. Such a stirrer takes advantage of Taylor dispersion [12] to increase the surface area between two interacting fluids. Alternatively, one can pattern electrodes of various shapes that induce electric fields in different directions. The interaction of such electric fields with the magnetic field induces secondary flows that may benefit stirring and mixing [7] . Although these secondary flows significantly enhance the mixing process, they are well-ordered and the mixing is poor. One can do better, however. By periodically or aperiodically alternating among two or more different flow patterns, one can induce (Lagrangian) chaotic advection. Aref [13] described the general ideas associated with chaotic mixing, and our group implemented similar ideas in the context of microfluidic systems and MHD stirrers [14] [15] [16] [17] . All the MHD stirrers described above require some of the electrodes to be patterned inside the conduit or cavity and away from the conduit/cavity walls. In some cases, such internal electrodes may be intrusive. To alleviate this potential shortcoming, we describe in this paper a new stirrer design that does not require any interior electrodes. The same electrodes that are used for pumping are also used for stirring. This arrangement requires fewer fabrication steps than were needed in the previous designs and it minimizes the intrusion that may be posed by internal electrodes. The newly designed MHD stirrer can operate with both stationary and with moving fluids.
The paper is organized as follows. We first simulate theoretically the flow field and study the performance of the stirrer by tracking the spatial and temporal evolution of the concentration of a reagent. Then, we describe the construction of a simple experimental apparatus. Subsequently, the theoretical predictions are compared with experimental observations.
THEORY
In this section, we describe a three-dimensional model of the MHD stirrer. Consider a rectangular conduit of width 2h and height H. See Fig. 1 for a schematic depiction of the conduit's top view. The x, y, and z coordinates are aligned, respectively, with the conduit's axis, is imposed between the two grouped electrodes C + and C -, the current direction is nearly normal to the surface of the electrodes, the Lorentz force is directed along the conduit's axis, and the device operates as a pump. Since the Lorentz force is a body force, the resulting velocity profile has the same shape as in pressure-driven flow [6] .
When only two of the electrodes are activated, say C 0 + and C 0 -, and L E >S>0, the direction of the current flow is oblique to the electrodes' surfaces and the resulting Lorentz force has a component transverse to the conduit's axis. As a result, one observes cellular flow. We will exploit this secondary flow to enhance mixing. When S=0, a similar secondary flow can be obtained by activating diagonally positioned electrodes such as electrodes C 0 -and C 1 + in Fig.1 .
According to Ohm's law for a moving conductor of conductivity σ in a magnetic field, the potential difference (∆V=V 1 -V 2 ) induces a current of density:
In the above, u is the fluid's velocity. For incompressible flow, the continuity and momentum (Navier-Stokes) equations are, respectively,
and
In the above, t is time, p is the pressure, and ρ is the liquid's density. We specify non-slip velocity at all solid boundaries. At the conduit's walls,
We assume that the conduit's length L is large compared to its width (L>>h) and to the size of individual electrodes (L>>L E ).
We will consider two different operating conditions. In the first case, there is no net flow through the stirrer:
The zero net flow condition is applicable when there is no external driving force and the conduit is long or when one or both ends of the conduit are closed (i.e., with valves). In the second case, we will consider the presence of externally induced net flow through the device. Such flow can be driven, for example, by pressure gradients. In this circumstance, we will specify a uniform inlet velocity and a reference pressure at the exit.
x The electric potential (V) satisfies the Laplace equation:
We use insulating boundary conditions at all dielectric surfaces and specify the potentials of the active electrodes. The inactive electrodes' potentials are uniform but unknown apriori and must be determined as part of the solution process. Since the inactive electrodes cannot accumulate charge, we have on each inactive electrode the condition of zero net current flow:
One can take advantage of the linearity of equation (7) 
Alternatively, one can solve for the potential field by implementing equations (13) directly in the finite element code. This procedure increases the number of variables in the problem to include the unspecified potentials as unknowns while using equations (13) Once the potential field was determined, we solved equation (1) for the current density by dropping the second term since it is much smaller than the first one and then solving equations (2) and (3) for the velocity field.
Trajectories of passive tracer particles are then obtained by integrating the kinematic equations,
+ FEMLAB is a product of Comsol Inc., Sweden where x={x,y,z} is the position vector. When either flow pattern A or B acts alone, it does, indeed, advect material from one side of the conduit to the other, enhancing mixing. Although much faster than diffusion alone, the stretching rate of the interface between the two fluids M and N is still relatively slow and scales approximately like (t+1)ln(t+1) [7] . One can do better, however. By periodically or aperiodically alternating between flow patterns A and B, one can obtain more complicated trajectories of the passive tracer particles and achieve chaotic advection which elongates the length of the interface between M and N at an exponential rate.
Here, we use the temporally periodic protocol:
* CFD-ACE is a product of CFDRC Inc. USA where k is an integer (k=0,1,…), and T is the period. During the first half period, electrode C-1 + is disconnected, and the electrode pair C 0 -and C 1 + is active with a potential difference ∆V 1 . In the second half period, electrode C 1 + is disconnected, and the electrode pair C-1 + and C 0 -is active with a potential difference ∆V 2 . We will study only the special case of ∆V 1 =∆V 2 =∆V . The protocol described by equation (15) is just one example of numerous possibilities. The choice of the most effective protocol is an interesting optimization problem that we do not address here.
To visualize the stirrer's action, we follow the rate of spread of a reagent in the stirring zone. We denote the dimensionless concentration of the species with G. The concentration is normalized with its largest value. Let the dark color ( Fig. 4 ) denote the absence of species G (G(x, t)=0) and the light color indicate the presence of species G at its highest concentration (G(x,t)=1). Initially ( Fig. 4a) , the dark color fluid occupies the conduit's lower section (y<0) and the light color fluid occupies the conduit's upper section (y>0).
To track the stirring process, we solve the advection equation
with the boundary conditions 0 = • n G ∇ at all solid boundaries and ( )
In the above, D is the molecular diffusion coefficient, and we assume that the fluid's properties are not significantly affected by the change in the concentration of the dissolved species. To quantify the stirrer's performance, we define the mixing quality α [18]:
where st 2 (x,t) is the standard deviation of the dimensionless concentration distribution at time t and at a cross-section located at x. When t=0, α=0. When the species are well mixed,
and α=1. Thus, 0<α(x,t)<1.
Fig. 6
depicts the mixing quality α(x,t) as a function of time when x=±(1.5L E +c) and x=0. Initially (0<t≤T/2), α(1.5L E +c,t) (solid line) increases rapidly during the first half period since it is closer to the electrodes C 0 --C 1 + engaged during this time interval. In the second half period, the growth rate of α(1.5L E +c, t) decreases, and then increases again in the third half period. Similar behavior is repeated by α(-1.5L E -c, t) with a delay of T/2. The very low rate of increase of α(-1.5L E -c, t) during the first half period (0<t<2s) indicates that diffusion alone plays a minor role in the stirring process. The cross-section located at x=0 is nearly equally affected by both flow patterns A and B. Therefore, the mixing quality at x=0 (dash-dot line) increases most rapidly and lacks the plateaus that are visible in the other two curves.
So far, we have described the operation of the stirrer when the only fluid motion in the conduit was due to the agitation induced by the stirrer. In other words, no through flow was present. In certain circumstances, it may be desirable to stir the fluids while it is pumped through the conduit. Such net fluid motion can either be driven by an external pressure, i.e., the fluid is pumped continuously with a syringe pump, or by a MHD drive located some distance away from the stirring region. Other researchers have achieved chaotic advection of fluids moving in micro channels by perturbing the main flow stream with time-periodic pressure perturbations [19] or exploiting electro-kinetic instabilities under high-voltage AC electric fields [20] . Here, we perturb the main stream with MHD.
We consider the case of zero electrode displacement (S=0). We connect all the upper, illustrates that as the passive tracer particles advect downstream, they trace an oscillatory path with very little cross-stream transport. To obtain more complicated motions, we will alternately activate the electrode pairs TO-BE and BO-TE.
To quantify the stirring process, we supply into the conduit a solution such that
with the initial condition Figures 8b, c, d , and e illustrate the rapid blending. Fig. 9 depicts the evolution of the cross-sectional (y-z plane) concentration field at x=40mm (first row) and x=70mm (the second row) as functions of time t=0, T/2, T, 3T/2, and 2T. Witness that most of the cross-sectional area assumes a nearly uniform color, indicating that the two species are reasonably well-mixed. 
In the above, θ is the angle between the diagonal line that connects the centers of the active pair's electrodes and the y-axis, J is the current density, B is the intensity of the magnetic field, U is the inlet, average axial velocity, µ is the liquid's viscosity, and D H is the hydraulic diameter of the conduit. Fig. 11 depicts the mixing quality α at x=40mm and t=16s as a function of K. When K is small (K<<1), through flow effects dominate, the MHD secondary flow has little effect, and α remains small. When 0.8>K>0.2, α increases nearly linearly as K increases. When K>2, α achieves an asymptotic value. The figure indicates that to achieve effective stirring, K must be larger than 1.
In the above examples, only two groups of electrodes were activated. More complicated flow topologies will form when more than two groups are engaged. The selection of the various parameters such as the gap distance (c) between adjacent electrodes, the displacement (S), the electrode length (L E ), the number of electrode pairs, the stirring protocol, and the dimensions of the conduit that provide the most efficient stirring process is an interesting optimization problem that we do not address here.
α is only one figure of merit for the stirrer's performance. Another important consideration is the energy consumption of the stirrer. In the case of the MHD stirrer, the energy consumption depends on the choice of the electrolyte and electrode materials. In fact, with appropriate choice of electrodes and electrolytes, the stirrer can form a galvanic cell, be selfdriven, and actually produce electrical energy while performing the stirring (or pumping)
function. A few examples of possible choices of electrodes and electrolytes that would lead to electric energy production are stainless steel and zinc electrodes operating with a strong oxidizer such as Fe(NO 3 ) 3 or an acid as an electrolyte.
EXPERIMENTAL SET-UP
To illustrate that similar flows to the ones predicted in the previous section can be observed in practice, we fabricated two prototypes of MHD stirrers with elastomer Polydimethylsiloxane (PDMS, Dow Corning Sylgard Elastomer 184, base and a curing agent with volume ratio 10:1). PDMS has been widely used to form microfluidic components, and it provides a convenient platform for rapid prototyping [21] . To facilitate easy flow visualization, the device was made relatively large. 
EXPERIMENTAL OBSERVATIONS
First, we compare the predicted potential field with the potential field that actually existed in our experiments. To this end, we predicted and measured the potential of one of the inactive electrodes. The spread of the dye is facilitated by both diffusion and advection. To verify that diffusion alone did not play a significant role in our experiments, we introduced a drop of dye into the conduit and followed its spread without activating the stirrer. During the time interval of a typical experiment (about 40s), only a very small spread of the dye was observed. Diffusion did not appear to play a significant role in our experiments.
The stirring process is described more vividly in Fig. 15 . Red and green dye blobs were introduced into the conduit, and their evolution was tracked as a function of time. At t=0, the red and the green dyes were well separated (Fig.15, t=0) . After one period, some of the red dye was surrounded by the green dye (Fig. 15, t=T) . As time increased, through continuous stretching and folding which are characteristic of chaotic advection, the two dyes blended.
For continuous, through-flow mixing, the two inlet legs of the Y-shaped conduit were connected to two computer-controlled syringe pumps (KDScientific Inc., model 200 series). We first filled the channel with DI water and then injected dye through one leg of the Y and clear electrolyte solution through the other leg. The total inlet flow rate was 2ml/s. When the mixer was not activated, the two streams were separate. One side of the conduit (y<0) was occupied with the dye while the other side (y>0) was occupied with the colorless electrolyte (Fig. 16a) .
The two fluids flowed downstream side by side with very little mixing. When the mixer was activated by alternating the electrode pairs TO-BE and BO-TE, the Lorenz force drove secondary flows, and the two streams mixed rapidly. Figs. 16b, c, and d depict the spread of the dye at times t=T/2, T and 3T/2 when T=4s. The experimental observations (Fig.16 ) are in qualitative agreement with the theoretical predictions (Fig. 8) .
DISCUSSION AND CONCLUSIONS
The paper describes a magneto-hydrodynamic stirrer that does not require any interior The MHD pump and stirrer described here are not completely problem-free. Some potential problems are bubble formation, electrode corrosion, and migration of analytes in the electric field. Most of these problems can, however, be reduced or eliminated altogether with appropriate selection of electrolytes, electrode materials and operating conditions. Bubble formation is not likely to be a problem at sufficiently low potential differences (smaller than the potential needed for the electrolysis of water). Electrode corrosion may be tolerated in disposable devices or minimized with the use of passivated electrodes. 
